Streptococcus mutans has been strongly implicated as a causative organism of dental caries and is frequently isolated from human dental plaque (14, 27) . S. mutans adheres to tooth surfaces by sucrose-independent and sucrose-dependent mechanisms. The former mechanism is via electrostatic, lectin-like, and hydrophobic interactions and hydrogen bonding of S. mutans to salivary components in pellicles in the absence of sucrose (10, 11) . The latter mechanism is due to production of water-insoluble glucan by glucosyltransferases from sucrose (13, 14, 18) . The production of water-insoluble glucan then promotes the accumulation of S. mutans on tooth surfaces (19) .
S. mutans possesses various cell surface polymers such as wall-associated proteins, serotype-specific antigens, lipoteichoic acid, and peptidoglycan (14) . Among these polymers, a cell surface protein antigen with a molecular mass of 190 kilodaltons (kDa), which has been variously designated as antigen B (43) , I/II (41) , IF (17) , P1 (9) , and PAc (35) , has recently been the focus of intense research interest. Streptococcus sobrinus, Streptococcus cricetus, and Streptococcus downei also produce a cell surface protein antigen that is immunologically cross-reactive with the protein antigen of S. mutans (15, 31, 34) .
The high-molecular weight protein antigen of S. mutans serotype c (PAc) has been successfully used as a vaccine to protect monkeys against dental caries (24, 44) . Local passive immunization with monoclonal antibodies raised against PAc prevents the colonization of animal and human tooth surfaces by S. mutans (23, 28) . McBride et al. (30) speculated that PAc might be an adhesin involved in forming hydrophobic bonds with hydrophobic regions of salivary pellicle. The biological function of PAc, however, is poorly understood.
The structural gene for PAc of S. mutans serotype c has recently been cloned by Lee et al. (22) and Okahashi et al. (35) . The structural gene for a high-molecular-weight protein antigen of S. sobrinus serotype g has also been cloned by Holt et al. (15, 16) and Takahashi et al. (48) . More recently, Okahashi et al. (36) have determined the complete nucleotide sequence of the pac gene for PAc of S. mutans MT8148.
Ohta et al. (33) have shown that the serotype c strain S. mutans GS-5 does not produce the 190-kDa PAc but produces a lower-molecular-mass (155-kDa) protein antigen (PAGS-5) that reacts with anti-PAc serum.
In this study, we transformed the shuttle vector containing the pac gene into strain GS-5 and isolated transformants that produced the 190-kDa PAc. Furthermore, we compared the parent strain GS-5 with its transformants in cell hydrophobicity, saliva-induced aggregation, and in vitro ability to adhere to experimental pellicles. The biological properties of strain MT8148 and PAc-defective mutants constructed by inserting an erythromycin resistance gene into the pac gene of strain MT8148 (35) were also examined.
MATERIALS AND METHODS
Bacterial strains. The bacterial strains used are listed in Table 1 . The basic media used were L broth (25) for Escherichia coli and brain heart infusion broth (BHI; Difco Laboratories, Detroit, Mich.) and Todd-Hewitt broth (Difco) for S. mutans. For transformants of S. mutans, erythromy Fig. 3 ) and RNA dot blot analysis (see Fig. 6 Construction of pSM1 and preparation of plasmid DNA. The construction of the chimeric plasmid pPC41, containing the structural gene for PAc from S. mutans MT8148, was described previously (35) . This recombinant plasmid contains a 7.5-kilobase insert in pUC118 harboring the entire pac gene. The construction of the chimeric plasmid pSM1 was performed by Iwaki et al. (manuscript in preparation). Briefly, the chimeric plasmid pPC41 was digested with BamHI and SphI and ligated to S. mutans-E. coli shuttle vector pSA3 (6) that had been cleaved with the same enzymes. The ligated DNA was transformed into E. coli HB101. Transformants were selected based on their anticipated antibiotic resistance phenotypes. Expression of the pac gene in recombinant E. coli cells was examined by colony immunoblotting with rabbit anti-PAc serum (35) . All clones that expressed PAc harbored a 16.4-kilobase chimeric plasmid, and one of these plasmids was termed pSM1 (Fig.  1) . Plasmid DNA was prepared as described by Sasakawa and Yoshikawa (45) .
Transformation of S. mutans. S. mutans GS-5 was transformed by the method of Lindler and Macrina (26) . Strain GS-5 was grown overnight anaerobically in Todd-Hewitt broth containing 10% heat-inactivated horse serum. The overnight culture (50 ,ul) was used to inoculate 2 ml of the fresh medium, and the culture was grown aerobically at 37°C for 4 h. Samples (0.3 ml) were transferred to sterile glass culture tubes, and 10 ,ug of pSM1 plasmid DNA was added. Cultures were allowed to stand at 37°C for 1 h, diluted with phosphate-buffered saline (pH 7.2), and plated on BHI agar containing erythromycin.
Plasmids in strain GS-5 and its transformants were isolated as described by LeBlanc and Lee (21) . The existence of plasmids was examined by 0.7% (wt/vol) agarose gel electrophoresis.
Southern hybridization. Chromosomal DNA from S. mutans was digested by EcoRI. The DNA fragments separated by agarose gel electrophoresis were transferred to nitrocellulose membranes (29) . The probe (the 2.2-kb AvaI-HindIII fragment of the Emr gene in pSA3) was radiolabeled by nick translation (29) by using [32P]dCTP. Hybridization on nitrocellulose membranes was performed with 50% (vol/vol) formamide at 42°C (35) .
RNA dot blotting. S. mutans strains and their transformants were grown in 100 ml of Todd-Hewitt broth supplemented with 20 mM DL-threonine to a concentration of approximately 109 cells per ml. The cells were harvested by centrifugation and suspended in 10 ml of BHI broth supplemented with 30% (wt/vol) raffinose. The cell suspensions were incubated with lysozyme (2 mg/ml) for 30 min at 37°C, followed by N-acetylmuramidase SG from Streptomyces globisporus (0.1 mg/ml; Seikagaku Kogyo, Tokyo, Japan) for 30 min at 37°C. The cells were harvested by centrifugation and suspended in 3 ml of 4 M guanidine thiocyanate containing 0.05% (wt/vol) N-lauroylsarcosine sodium salt, 0.1% (vol/vol) 2-mercaptoethanol, and 25 mM sodium citrate. The cells were disrupted by drawing the suspension through an 18-gauge needle. After the suspensions were clarified by centrifugation, cesium chloride (1.2 g) was added and dissolved. The solutions were layered onto a 1.4 ml of 5.7 M cesium chloride containing 0.1 M EDTA (pH 7.0) in a polyallomer tube (Beckman Instruments, Inc., Fullerton, Calif.) and centrifuged at 30,000 rpm for 16 h in an SW50.1 rotor (Beckman). The pelleted RNA was dissolved in 0.4 ml of 0.3 M sodium acetate (pH 7.0) and then precipitated with 2.5 volumes of ethanol. The RNA preparations were washed with 70% (vol/vol) ethanol and stored in distilled water at -70°C until use.
RNA dot blotting was performed as described by Thomas (49) . Briefly, the RNA preparations (5 ,ug each) were incubated with 0.5 ml of 0.01 M sodium phosphate buffer (pH 7.0) containing 1 M glyoxal at 50°C for 1 h. Serial twofold dilutions of the mixture were prepared in distilled water. RNA samples (0.2 ml) were placed into wells on the Bio-Dot microfiltration apparatus (Bio-Rad Laboratories, Richmond, Calif.) with a sheet of nitrocellulose membrane equilibrated with 3 M NaCl and 0.3 M sodium citrate. The blot was dried, baked for 2 h at 80°C, treated with 20 mM Tris hydrochloride (pH 8.0) for 5 min at 100°C, and prehybridized and hybridized as described by Thomas (49) . The 1.5-kilobase PstI fragment of the pac gene, which covers the middle region of PAc, was radiolabeled as described above and used as the probe.
SDS-PAGE and Western blotting. SDS-PAGE was performed in 7.5% acrylamide slabs by the method of Laemmli (20) . Concentrated culture supernatants and cell extracts of S. mutans strains were prepared as described by Ohta et al. (33) . Proteins were stained with Coomassie brilliant blue R-250.
The concentrated culture supernatant and the cell extract were subjected to SDS-PAGE and transferred electrophoretically to a nitrocellulose sheet. The sheet was treated with MAb PC2. The antibody bound to the immobilized replica proteins on the sheet was detected by a solid-phase immunoassay with horseradish peroxidase-conjugated goat antimouse immunoglobulins (18 The isolation of plasmids from transformants TK15 and TK18 was attempted. However, no plasmid was isolated from these strains (Fig. 2) . To confirm the integration of the pSM1 DNA into chromosomal DNA, we carried out Southern blot analysis of the transformants by using the Emr gene of the shuttle vector DNA as a probe. Figure 3 shows the insertion of the pSM1 DNA into the chromosomal DNA of these transformants.
Expression of the pac gene. Culture supernatants and cell extracts of S. mutans strains were analyzed by SDS-PAGE and Western blotting. Rabbit normal serum and rabbit antiPAc serum reacted nonspecifically with several polypeptides of the culture supernatants and cell extracts from all strains of S. mutans used in this study (data not shown). Therefore, we used a mouse monoclonal antibody against PAc (MAb PC2) for Western blot analysis. Strain MT8148 produced extracellularly a 190-kDa protein with which MAb PC2 reacted (Fig. 4) . MAb PC2 did not react with the culture supernatants of the PAc-defective mutants PAcEm-2 and PAcEm-3. The 190-kDa PAc was not found in the culture supernatant of strain GS-5, but this strain produced extracellularly a large amount of a 155-kDa protein with which MAb PC2 reacted. A large amount of 190-kDa PAc was found in the culture supernatants of strains TK15 and TK18. When culture supernatants of strain GS-5 and PAc-producing strains were analyzed by Western blotting, a number of other protein bands with lower molecular masses, as well as the 155-and 190-kDa proteins, reacted with MAb PC2. These lower-molecular-mass proteins may be degradation products of the high-molecular-weight protein antigens by endogenous proteases of S. mutans and/or uncompleted peptides synthesized by these strains. Cell extracts of strains MT8148, TK15, and TK18 contained the PAc, but those of strains PAcEm-2, PAcEm-3, and GS-5 did not (Fig. 5) . These results were confirmed by dot immunobinding assay ( Table 2) .
The amount of PAc-specific mRNA transcripts was determined by RNA dot blotting with the middle region of the pac gene as a probe. The expression of PAc-specific mRNA transcripts by strains TK15 and TK18 was about eightfold higher than that by strains MT8148 and GS-5 (Fig. 6) .
Immunodiffusion of culture supernatants. The immunological specificity of protein antigens produced by strains MT8148, GS-5, TK15, and TK18 was analyzed by immunodiffusion. Immunodiffusion tests revealed that the culture supernatants of strains TK15 and TK18 formed a single precipitin band with rabbit anti-PAc serum (Fig. 7) . This band was fused with that produced between the culture supernatant of MT8148 and anti-PAc serum but gave a spur with that formed between the culture supernatant of GS-5 and anti-PAc serum.
Surface hydrophobicity. Cell-surface hydrophobicity of S. higher than that of PAc-defective strains GS-5, PAcEm-2, and PAcEm-3 (Table 3 ). Adsorption to S-HA and saliva-induced aggregation. The ability of S. mutans strains to attach to S-HA was examined. Strains MT8148, TK15, and TK18 attached in larger numbers to S-HA than did other PAc-defective strains (Table 3) . Adsorption of cells of strain MT8148 to S-HA was inhibited by 30, 40, and 49% by pretreatment of S-HA with 100 ,ug of PAc, rPAc, and PAGS-5, respectively ( Table 4 ). The PAcproducing strains were found to aggregate in all samples of saliva tested (Table 5 ). The aggregation titer differed among donors of saliva. On the other hand, no aggregation was found in PAc-defective strains GS-5, PAcEm-2, and PAcEm-3.
DISCUSSION
The hydrophilic strain S. mutans GS-5 produces a 155-kDa protein antigen that reacts with anti-PAc serum (33) . This strain was transformed with the shuttle vector containing the pac gene from S. mutans MT8148, a typical serotype c strain. The transformants produced a large amount of 190-kDa PAc, and their surface hydrophobicity increased. On the other hand, PAc-defective mutants constructed by FIG. 6 . RNA dot blot analysis of pac transcripts. Serial twofold dilutions of RNA (10 ,ug/ml) from S. mutans strains were probed with the 32P-labeled pac gene from plasmid pPC41. Lanes: 1, strain MT8148; 2, strain GS-5; 3, strain TK15; 4, strain TK18.
inserting an Emr gene into the pac gene of hydrophobic strain MT8148 (35) were hydrophilic. These findings indicate that PAc on the bacterial surface is important in surface hydrophobicity, as suggested previously by McBride et al. (30) .
Resting cells of hydrophobic PAc-producing strains attached in larger numbers to experimental pellicles than did those of hydrophilic PAc-defective strains. In this regard, Westergren and Olsson (51) indicated that the less hydrophobic variant cells adhere less well to S-HA than do the more hydrophobic parent cells. The hydrophobic parent strains implant significantly better in human oral cavities than do the hydrophilic variant strains (47) . The present study showed that adsorption of S. mutans to S-HA was inhibited by pretreatment of S-HA with PAc, rPAc, and PAGS-5. Moreover, immunoglobulin G and Fab fragments of antisera against PAc of S. mutans inhibit the adherence of the organism to S-HA (7). These results suggest that PAc on the cell surface of S. mutans may take part in hydrophobic bonding to salivary components on tooth surfaces.
Rosan et al. (38) compared saliva-mediated aggregation activity of S. mutans strains with their adherence to S-HA. They showed that there is no relationship between these activities, suggesting that aggregation and adherence involve two distinct mechanisms of microbial clearance in the oral cavity. In this study, the PAc-defective strains attached in 1 2 (22, 35) . Antibodies against the high-molecular-weight protein (SpaA) of S. sobrinus inhibit sucrose-induced aggregation (5). Moreover, SpaA-defective mutants were shown to be all defective in sucrose-induced aggregation, and almost all the mutants lost dextranase activity. In our preliminary study, all of the PAc-producing strains and the PAc-defective strains aggregated upon the addition of sucrose, although the degree of sucrose-induced aggregation in PAc-defective strains was lower than that in PAc-producing strains. All the strains exhibited dextranase activity (unpublished data). Moreover, growing cells of PAc-defective strains, as well as those of PAc-producing strains, adhered firmly to a glass surface in sucrose broth, suggesting that PAc might not participate in sucrose-dependent adherence. Thus, although the PAc of S. mutans and SpaA of S. sobrinus show considerable similarity (48) , it appears that they may differ in their function.
PAc from S. mutans is known to be an effective vaccine to protect primates against dental caries (24, 44) . Several investigators (3, 17) have observed that polyclonal and monoclonal antibodies raised against S. mutans antigens react with human heart tissue. However, PAc of S. mutans has failed to reveal immunological cross-reactivity with human heart tissue (4, 40). Therefore, highly purified PAc of S. mutans should be prepared so as to avoid any side effects in humans. The production of cell-free PAc by strains TK15 and TK18 constructed in this study was about eightfold higher than that by strain MT8148. The expression of PAcspecific mRNA transcripts by these transformants was also eightfold higher than that of strain MT8148. Although the cause of this high expression of PAc and PAc-specific mRNA transcripts in these transformants was indeterminable, strains TK15 and TK18 are considered to be useful for preparing large quantities of highly purified PAc.
In conclusion, the present study suggests that PAc on the cell surface of S. mutans participates in sucrose-independent adherence of the streptococcal cells to salivary components on hydroxyapatite. 
